I -INTRODUCTION
This article deals with the thermal and mechanical denaturation of DNA, that is, the separation of the two strands upon heating [1] [2] [3] [4] [5] [6] or application of a force [7] [8] [9] [10] [11] [12] [13] [14] [15] . More precisely, we report on our investigations of the denaturation properties of a mesoscopic model, which describes each nucleotide as a set of three interacting sites. The motivations for this study are twofold.
First, all of the models that have been developed up to now to investigate theoretically the thermal and mechanical denaturation of long DNA sequences describe each base pair with a very limited number of degrees of freedom. Actually, in most cases a single degree of freedom is used to represent a base pair. This degree of freedom is usually either the distance between paired bases [16] [17] [18] [19] [20] [21] [22] [23] [24] or the state of the base pair (open or closed) [25] [26] [27] [28] [29] [30] [31] [32] . A few models additionally take into account the rotation of the bases around the strand axes [33] [34] [35] [36] or the bending of the chain [37, 38] . At some point, the results and predictions obtained from models with such strongly reduced dimensionality must be compared with those obtained from models that describe more accurately the actual structure of DNA sequences, in order to check their robustness and validity.
The second motivation deals with the investigation of DNA-protein interactions. As for DNA denaturation, an atomistic description of these problems is prohibitively expensive from the point of view of CPU time requirements, so that mechanical mesoscopic models [39] [40] [41] [42] [43] [44] [45] are the only alternative to kinetic ones [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] . For example, we have recently shown that models where 15 DNA base pairs are represented by a single bead are very useful to investigate non-specific DNA-protein interactions [59] [60] [61] , that is, the alternation of 3-dimensional diffusion in the buffer and 1-dimensional sliding along the DNA sequence, by which the protein scans the DNA sequence while searching for its target [62] [63] [64] [65] [66] [67] [68] [69] [70] . Such models The remainder of the paper is consequently organized as follows. The model and the evolution equations are described in Section II. Special attention is paid to the description of the modifications we brought to the original KRSdP model in order to adapt it to the investigation of long sequences. Sections III and IV then respectively describe the thermal and mechanical denaturation properties of this model. In Section V, we discuss the effect on denaturation of two terms of the original KRSdP model, namely the excluded volume term and the extension of base pairing to all complementary base pairs, which are neglected in the main body of this work. We finally conclude in Section VI.
II -EXPRESSION OF THE MESOSCOPIC MODEL
The KRSdP model used in this work has been described in detail in Section II of Ref. [78] . Nevertheless, we provide here a short description thereof for the sake of completeness and in order to point out clearly the modifications we brought to adapt it to the study of the denaturation of long sequences.
As already mentioned, each nucleotide is mapped onto three interaction sites, namely one site for the phosphate group, one site for the sugar group, and one site for the base. At equilibrium, the phosphate and sugar sites are placed at the center of mass of the respective moities, while the site is place at the N1 position for A and G purine bases and at the N3 position for C and T pyrimidine bases. Reference coordinates for each site determined from the standard B isoform [81] are provided in Table I of Ref. [78] . The reference geometry is illustrated in Fig. 1 denote the values of these variables for the reference   configuration (for numerical values, see Tables III and IV In contrast, we modified somewhat the base pairing interaction bp V . Indeed, it was assumed in Ref. [78] that bp V describes hydrogen bonding between any complementary base pair and acts both intra-and interstrand. However, as will be discussed in more detail in Section V, this assumption leads to the unphysical result that many bases form bonds with two complementary bases instead of one at most. Therefore, we assumed in this work that bp V applies only to bases belonging to the same pair i. This modification certainly imposes certain limitations to the model, which will also be discussed further in Section V, but it prevents unphysical multiple base pairings. It also has the consequence that the two DNA strands are less tightly bound and separate at lower temperature compared to the original model. 
where t ∆ is the time step and ) (t w a normally distributed random function with zero mean and unit variance. We used 10 = ∆t fs and 5 = γ ns -1 . Note that in the thermodynamic limit of infinitely long homogeneous sequences, the averages of thermodynamic observables do not depend on the particular value that is assumed for the dissipation coefficient γ [83] . It is unfortunately not feasible to investigate with the model above the melting properties of very long sequences, so that most results presented below were obtained with 480 bp long ones.
Still, preceding studies dealing with simpler dynamical models suggest that 480 bp sequences are indeed already rather close to the thermodynamic limit (see for example Ref. [84] ).
III -THERMAL DENATURATION

A. Critical temperatures and denaturation rates
It has been recognized quite early [85] [89] , the realistic value for γ is close to 5×10 11 s -1 , that is 500 ns -1 . This value is 100 times larger than the value assumed in this paper, as already suggested by the predicted denaturation rates discussed just above.
B. Order and width of the transition
It can be seen in the bottom plot of Fig The question of the order of the DNA melting transition has been (and it still is) much debated. From the point of view of statistical models, the order of the transition depends on the way the partition function of a loop, and particularly the loop closure exponent c, is calculated [32] . When using self-avoiding walks in 3D space, c is numerically estimated to be close to 75
, which corresponds to a second-order phase transition [92] (the boundary between second-and first-order transitions is 2 = c [25, 93] to a first-order phase transition followed by a crossover to another regime in the last few kelvins below the critical temperature [90] . As far as simulations are concerned, one is instead formally able to separate any quantity into a singular and a non-singular part. For example, it was suggested in Ref. [102] that the free energy per base pair, f, may be written as the sum of a singular part, sing f , and a non-singular one, ns f
where ns f is the average free energy per base pair when the two strands are widely (infinitely) separated, that is, when the sequence is single-stranded. This definition leads to well-behaved quantities. Indeed, the singular part is zero above the dissociation temperature, while the nonsingular part behaves smoothly when crossing this temperature. It was furthermore shown that the estimation of α from the slope of log-log plots of the temperature evolution of sing f according to Eq. (III.1) leads to values that vary between 0.5 and 1, depending on the explicit expression that is assumed for the non-linear part of the stacking interaction in these onedimensional models [102] . Stated in other words, the order of the melting transition depends on the shape and strength of the stacking interaction. 
where ns u is the average internal energy per base pair when the two strands are widely indicates that for this model the characteristic exponent α is equal to 1, which unambiguously supports the thesis that DNA denaturation corresponds to a first-order phase transition. 
C. Thermal denaturation of inhomogeneous sequences
We next used the model of Section II to compute the thermal denaturation curve of the (inhomogeneous) 1793 bp human β-actin cDNA sequence (NCB entry code NM_001101), which has already been discussed in Refs. [23, 36, 90, 104, 106] . It has been known since the early work of Gotoh [6] that the denaturation of sufficiently long inhomogeneous sequences occurs through a series of local openings when temperature is increased and that this multistep process is clearly reflected in the denaturation curve of inhomogeneous sequences in the 1000-10000 bp range. As can be checked in Fig. 1 of Ref. [104] , denaturation of the actin sequence does not start at the extremities of the strands, but rather in narrow AT-rich regions centred around positions n=1300, n=1450 and n=1600, before the sequence abruptly melts for all n>1100 at slightly higher temperatures. There is then a plateau of several kelvins before the lower end of the sequence finally melts. The portion of the sequence that melts at the highest temperature is located around the GC-richest region aroung n=150. The fingerprints of this multi-step process are clearly seen in the dashed curve of Fig 
IV -MECHANICAL DENATURATION
While thermal denaturation is achieved by raising the temperature of a sequence up to (or above) its critical temperature c T , mechanical denaturation may instead be achieved at temperatures c T T < by pulling on the extremities of the strands. Mechanical DNA unzipping experiments are usually performed either at constant pulling rate [7, 8] or at constant force [12] [13] [14] [15] . In the former case, the externally applied force is adjusted to compensate for the action of internal restoring forces exerted by the two strands [7, 8] . At ambient temperature, the typical force that must be exerted to keep the two strands open lies in the range 10-15 pN [7] [8] [9] [10] [11] [12] [13] [14] [15] . obtained with one-dimensional models. They essentially consist of a rather large force barrier at short distances [108] followed by a plateau. It has been known since the pioneering work of
Ref. [7] that this plateau is flat in the case of an homogeneous sequence, but that it instead displays fluctuations proportional to the local AT/GC concentration when an inhomogenous sequence is being unzipped. We checked that use of the more realistic value 500 = At this point, it is worth mentioning that, for the several one-dimensional models that were considered, the critical exponents of the specific heat, α, and the critical force, σ, were shown to be related through the linear relation [102] , where ν is the correlation length exponent of a self-avoiding random walk [109] . Numerically, ν is close to 0.588 for a 3-dimensional walk.
This value again differs somewhat from the computed exponent, 70 . 0 = σ . Last but not least, it should be reminded that experiments actually point out that the phase diagram of mechanical denaturation in the temperature-force plane may be more complex than a simple law of the form
anyway [13] .
V -EFFECT OF EXCLUDED VOLUME AND GENERALIZED BASE
PAIRING
In this section, we discuss the effect of two terms, which are included in the original KRSdP model [78] but were discarded in the computations that led to the results presented in Sections III and IV, namely the excluded volume interaction term and the generalization of base pairing to all complementary base pairs. additionally, which do not interact through the pairing, stacking or electrostatic interactions (since these later interactions also have a repulsive core).
The essential reason, why ex V was excluded from the calculations discussed in Sections III and IV, is that this approximation reduces the required CPU time by a factor 2, while results are expected to remain essentially unchanged at physiological temperatures.
Indeed, at these temperatures the sequence is almost entirely double-stranded, so that neighbouring sites are not likely to overlap spatially, while electrostatic repulsion between charged phosphate sites insures that widely separated portions of the sequence do not cross. This is, however, no longer the case close to the critical temperature, where large bubbles are observed. We consequently discuss below to which extent the excluded volume interaction term affects the results presented in the previous sections. per nanosecond, when ex V is taken into account (compare Fig. 10 with Fig. 4 and Supplementary figure S2 [110] ). This is most probably due to the fact that denaturation pathways become more complex when excluded volume repulsion is taken into account. This is a point, which would certainly deserve more attention.
Finally, we checked that homogenous sequences with base pairing energies of 4.68 kcal mol -1 denaturate at about 360 K when ex V is taken into account (see Fig. 10 In contrast, we checked that taking ex V into account does not modify the value of the 3-dimensional diffusion coefficient of a sequence (see Fig. 5 ). Therefore, the realistic value for γ is still close to 500 ns -1 . Similarly, we checked that the temperature evolution of the singular part of the internal energy, sing u , still displays a clear step at the critical temperature when ex V is taken into account (see Fig. 11 ). This indicates that ex V does not change the predicted order of the denaturation transition, which remains first-order.
At last, let us mention that we were unable to check whether the excluded volume term affects the critical exponent of the critical force. The reason is that pulling rates of the order of 2 cm s -1 , like that used in Section IV, lead to extremely large computed forces when ex V is taken into account. As for denaturation rates, the reason is probably that pathways for denaturation become more complex. The pulling rate should consequently be sufficiently low to provide the system with sufficient time to follow these complex pathways. From a practical point of view, this however means that simulations become much too long to be feasible.
The last difference between the model of Section II and the original KRSdP model consists in the fact that it was assumed in Ref. [78] that the base pairing term bp V "describes hydrogen bonding between any complementary base pair and acts both intra-and interstrand"
[78], while we instead assumed up to now that bp V connects only bases belonging to the same pair. We launched several simulations to check the influence of such a generalized base pairing scheme. The essential result is that generalized base pairing increases the melting is the fact that, for the generalized pairing scheme, ) (n P additionally exhibits a second peak culminating at 2 = n , which is much higher than the peak at 1 = n . This indicates that the strands deform in such a way that many bases are able to form two pairing bonds with successive bases of the opposite strand. These double bonds are of course more difficult to break than a single one, which explains why the melting temperature is higher for the generalized base pairing scheme than for the simple one. Section II, use of the simple base pairing scheme instead of the generalized one also has the practical consequence that the values of base pairing energies must be increased compared to the original KRSdP model [78] .
VI -CONCLUSION
In this paper, we have shown that the KRSdP model can be adapted to describe the thermal and mechanical denaturation of long homogeneous and inhomogeneous DNA sequences. This was achieved by using the simple base pairing scheme instead of the generalized originally proposed in Ref. [78] The modified model furthermore supports the thesis that the thermal denaturation of long homogeneous sequences corresponds to a first-order phase transition. In contrast, it yields a critical exponent for the critical force equal to 70 . 0 = σ , which suggests that the scaling law relating the characteristic exponents for specific heat and critical force that was derived for one-dimensional models no longer holds for this more complex model. The KRSdP model with refined base pairing energies therefore represents a good compromise for studying the dynamics of DNA-protein specific interactions at an unprecedented detail level. It is indeed both geometrically and energetically realistic, in the sense that (i) the helical structure and the grooves, where most proteins bind, are satisfactorily reproduced, and (ii) the energy and force required to break a base pair lie in the expected range. We are therefore confident that the combination of this model with a mesoscopic model describing proteins at a comparable level of accuracy will provide new and important insights into this fundamental but very complex problem. ns. The insert shows in more detail the large force barrier thr F that occurs at short distances.
Experimentally measured critical forces c F correspond to the asymptotic value of F for large values of d, that is, to the average force that must be exerted on the widely separated extremities of long sequences to prevent them from closing. Critical temperature is close to 335 K. 
